We study the complementarity between accelerator and reactor coherent elastic neutrino-nucleus elastic scattering (CEνNS) experiments for constraining new physics in the form of non-standard neutrino interactions (NSI). Firstly, considering just data from the recent observation by the CO-HERENT experiment, we explore interpretive degeneracies that emerge when activating either two or four unknown NSI parameters. Next, we demonstrate that simultaneous treatment of reactor and accelerator experiments, each employing at least two distinct target materials, can break a degeneracy between up and down flavor-diagonal NSI terms that survives analysis of neutrino oscillation experiments. Considering four flavor-diagonal (ee/µµ) up and down-type NSI parameters, we find that all terms can be measured with high local precision (to a width as small as ∼5% in Fermi units) by next-generation experiments, although discrete reflection ambiguities persist.
I. INTRODUCTION
The recent detection of coherent elastic neutrino-nucleus elastic scattering (CEνNS) by the COHERENT experiment [1] has initiated a new chapter in the study of neutrino physics.
Using neutrinos from a stopped pion beam and a 14.6kg CsI[Na] target, COHERENT measured a best-fit count of 134±22 CEνNS events, well in excess of the expected backgrounds.
The measured rate was found to be 77±16 percent of the Standard Model (SM) prediction, and constrains NSI for some terms more strongly than previous deep inelastic scattering and oscillation experiments [1] [2] [3] . Properties of the neutron distribution may also be extracted from the measurement [4] , and within certain frameworks models for light dark matter can also be probed [5] .
The COHERENT CEνNS measurement in the stopped pion context may be complemented in the near future by currently commissioning reactor experiments [6] [7] [8] , and also by dark matter experiments [9] [10] [11] . Reactor experiments are sensitive to electron-flavor NSI (viaν e ), while COHERENT is sensitive to both muon and electron flavor NSI (via
, and dark matter experiments are sensitive to all flavor components from solar and astrophysical sources. Due to the distinct average energies of the various neutrino sources, each of these experiments probe the CEνNS cross section, and thus any prospective NSI, over different ranges of nuclear recoil energy.
More generally, CEνNS experiments are complementary to neutrino oscillations probes of NSI, because oscillation experiments are only sensitive to differences in flavor diagonal NSI components [12, 13] via differentially accrued phase. Further, neutrino oscillation experiments are unable to distinguish between up and down-type quarks, even if only a single flavor NSI component in the mixing matrix is allowed to differ from zero. Finally, the forward scattering in matter-induced oscillation occurs at zero momentum transfer, such that even NSI mediated by very light (relative to typical MeV nuclear scales) species will manifest as an effective Fermi-type point interaction. Thus CEνNS experiments, and also deep inelastic scattering experiments [14] (with much larger momentum transfer), fill important gaps in the study of NSI that are not possible to close using oscillation data alone.
Previous studies that have constrained NSI with both oscillation and scattering experiments typically vary one or two NSI parameters when fitting to a given data set. This is justifiable, considering that oscillation experiments are not able to distinguish between up/down type NSI, and specific experiments are most sensitive to only a small number of NSI parameters. However, artificially disabling (or correlating) a number of NSI parameters in order to collapse the parameter space also blinds the analysis to higher order symmetries between parameters that may substantially weaken constraints derived from a particular experiment or set of experiments.
In this paper we study the prospects for breaking the up/down type NSI degeneracy in oscillation experiments using a combination of COHERENT data with projected future data from reactor experiments. In contrast to previous studies, we use the MultiNest algorithm to explore up to four NSI parameters simultaneously, and also marginalize over the uncertainties on the neutrino fluxes from the sources and experimental backgrounds. Using realistic exposures for future reactor experiments, we show that, combining all data sets, flavor diagonal terms can be measured to high precision. Constraints are strongest for low threshold reactor measurements, which incorporate different detector targets. Since we do not invoke the oscillation data directly, our results are strictly independent from and complementary to constraints derived from experiments of that variety.
The outline of this paper is as follows. Sec. II briefly reviews non-standard interactions and degeneracies of NSI coefficients, Sec. III discusses the experiments (current and future) from which we draw for constraints on NSI, Sec. IV introduces our multi-parameter Bayesian analysis framework, Sec. V discusses our results and we conclude in Sec. VI.
II. NON-STANDARD INTERACTIONS
The NSI landscape is vast, and it manifests several degeneracies that can obscure and ambiguate the interpretation of experimental results. In this section, we detail the definition of the CEνNS cross section, its dependence on NSI, relevant degeneracies of the NSI parameter space, and the assumptions that we make for the various experimental setups.
A. Coherent Neutrino-Nucleus Scattering
For mediator particles that are heavy compared to the typical momentum transfer q of the CEνNS process, the NSI can be parameterized as
where α, β = e, µ, τ indicate the neutrino flavor, f the fermion type, and L/R denote left and right-handed components. Vector couplings are characterized by the spin-independent
αβ , and axial-vector couplings by the orthogonal spin-dependent combination
αβ . For the CEνNS process, the axial-vector contribution is negligible in comparison to the vector contribution (due to spin cancellation), and will be neglected in the remainder of this work. For mediators of mass m X satisfying m 2 X q 2 ≡ 2m N E R (where m N is the target mass, and E R its kinetic recoil energy), the Eq. (1) NSI parameterization is altered by the onset of momentum dependence in the mediator's
propagator. This creates a unique BSM signature in the recoil spectrum shape, which turns up strongly as the energy E R decreases.
The differential cross-section for the CEνNS scattering process for an incident neutrino of energy E ν can then be written as [15]
The function F (q 2 ) is the nuclear form factor. It encodes the momentum dependence of the interaction, and is given by the Fourier transform of the distribution of scattering sites in the nucleus. In this work we adopt the standard spin-independent Helm form factor [16] .
The vector charge for a nucleus consisting of Z protons and N neutrons incorporates both SM and NSI contributions, and is given by
The charges g p V = 1/2 − 2sin 2 θ W and g V n = −1/2 are the SM proton and neutron vector couplings, and θ W is the weak mixing angle.
In the presence of NSI, neutrino oscillations in matter depend upon the effective NSI
f,V αβ (4) where Y f (x) is the average of the f /e density ratio. However, there are two key facts that make individual determination of all parameters solely via oscillation experiments impossible: 1) oscillation is only sensitive to differences between diagonal NSI parameters, as αα − ββ , and 2) transition probabilities suffer from a generalized mass ordering degeneracy [17] . The generalized mass ordering degeneracy (which arises as the LMA-Dark solution [18] in the context of solar neutrinos) is due to an invariance of the neutrino evolution with respect to the transformation H vac → −H * vac of the vacuum Hamiltonian. This identity, which is a manifestation of CP T symmetry, is found to be functionally equivalent to a correlated set of transformations of the neutrino mass-squared differences, mixing angles, and Dirac 
C. Analysis of Degeneracies
We will seek now to identify possible modes of degeneracy in the scattering rate for realvalued NSI coefficients with arbitrary sign. For purpose of discussion, we will assume data that is fully consistent with SM expectations, although no essential features are changed if this is not the case. The first simple observation is that amplitudes with identical initial and final neutrino flavor states will sum coherently, i.e. they will integrate over the constituent nuclear charges prior to squaring, allowing for internal cancellation between couplings. Conversely, distinct flavors will contribute to the total scattering rate via Q there is a ring of solutions compatible with the SM rate that is described by the equation
Line broadening will lead in this case to a ring of non-zero width, separating under production to the interior from overproduction to the exterior. Application of different target nuclei will perturb the ring origin and radius, conspiring to preserve an intersection at the SM solution point. This overlap extends into a segment of arc after broadening. Specifically, the origin will be translated along axes that carry a SM charge, and the rings will be reflected symmetrically about the vector of displacement. If the NSI charges considered involve both up and down quarks, then an alternate target will also affect the solution eccentricity, and multiple intersections are possible in the two-dimensional case. This scenario is depicted in the right-hand panel of Figure 1 .
We will consider last the combination of these scenarios, with four non-zero NSI coefficients, corresponding to vector flavor-diagonal scattering of electron and muon neutrinos from up and down quarks (the scenario of primary interest to the current work). If a single experiment is conducted, which cannot distinguish between flavor (assuming comparable source fluxes), then any projection into a two-dimensional space will exhibit an unconstrained continuum of solutions compatible with the SM rate. For example, any point in the 
III. EXPERIMENTS
In this section we discuss the experiments used to establish current constraints on NSI parameters, and to project future constraints. We further take an uncertainty of 5% on the experimental background reported by COHERENT over the relevant recoil energy range. We note that previous studies of NSI using the COHERENT experiment [2, 3, 14, 19] have instead assumed that the per-flavor flux can be identified through a combination of timing and spectral signatures, which would appear to be a reasonable future expectation.
In addition to establishing constraints with current COHERENT data, we estimate future constraints from COHERENT data. Motivated by a description of future experimental plans from the COHERENT collaboration, we assume tonne-scale NaI and Ar targets, and larger exposures of 1 tonne-year. To be conservative, we retain the same uncertainties on the fluxes and the background, as described for the current COHERENT data. In Table II we show the details of our assumptions for each target.
B. Reactors
There have been several previous studies of NSI at nuclear reactors [15, [20] [21] [22] . The aforementioned reactor experiments operate at power ranges from ∼ MW-GW, and a range of distance from the reactor core from a few meters to a few tens of meters. To simulate a reactor experiment, we take a configuration that is broadly representative of the entire class of experiments. Specifically, we adopt a baseline configuration of a 1 GW reactor with a detector site at 20m from the reactor core. Note that this configuration delivers a flux comparable to (or slightly larger than) that of a 1 MW reactor at ∼ 1m from the core. For either configuration, theν e flux can be obtained via knowledge of the reactor power along with the normalized antineutrino fission spectrum, which has been measured at various sites [23] . We consider Ge and Si detectors, and nuclear recoil thresholds that are attainable with present technology. In Table II we show the details of our assumptions for each target.
IV. MULTI-PARAMETER BAYESIAN FRAMEWORK
The parameter space of possible NSI is large, it is therefore historical practice to restrict one's attention to just one or two such interactions at a time. However, given certain previously elaborated degeneracies in the parameter space, the constraints on allowed or disallowed regions will depend on which set of interactions are activated. In this work we explore a set of NSI parameters within a Bayesian framework that can be easily extended to include all NSI terms. Via Bayes' theorem, we calculate the posterior probability distribution, P, of the NSI parameter space, θ, given some data D and prior information, I:
Here L(D|θ, I) is the likelihood of a set of NSI parameters reproducing the observed (or simulated) data. The prior probability, π(θ|I), is taken to be uniform for the NSI parameters (i.e. there is no prior information), and taken to be Gaussian for the nuisance parameters.
The priors are summarized in Table I . Finally, the Bayesian evidence, (D|I), serves as a normalization factor. Given that the NSI formalism under consideration does not change the shape of the differential rate (this would change in the case of light mediators), we take the likelihood to be a product of Poisson probabilities for each experiment, as follows, where j runs over energy bins, and i runs over the detectors used in a given experimental configuration.
We will consider 4 configurations in this analysis, namely current data, future reactor data, future accelerator data and a global analysis of both future reactor and accelerator data.
For the current configuration the data D consists of the observed number of events at COHERENT (n=134). For our future projections, for accelerators we choose NaI and Ar detectors, and for reactors we choose Ge and Si for detectors. For all future configurations we take D to be the Asimov (expected) dataset. The assumed exposures and thresholds for each target are shown in Table II . To explore the parameter space we make use of the MultiNest package [24] , which implements the nested sampling algorithm due to Skilling [25] , and improved by Shaw [26] . This algorithm was developed for sampling the posteriors of high dimension parameter spaces which may contain multiple regions of high probability, as encountered in this analysis. The MultiNest sampling parameters were chosen as (N live = 1500, tol = 0.1, efr = 0.3). 
V. RESULTS
We now apply the MultiNest formalism in order to constrain NSI parameter regions for different experimental configurations. We start by applying the formalism to current COHERENT data, allowing for two flavor diagonal u-type NSI to be non zero, with the result shown in Figure 2 . For this case, there is a ring of solutions in the u µµ vs.
u ee parameter space because we are only considering flavor diagonal NSI, and the cross section is quadratically dependent on NSI parameters. Similar solutions are seen for d-like NSI [2, 19] . Notice that the single experimental constraint has reduced a two-dimensional parameter space into a one-dimensional string of connected points. However, if one allows for four NSI parameters to be non-zero simultaneously, no inferences can be made in the To examine the implications of current COHERENT data on the effective NSI parameters, as defined as in Eq. (4), we show the constraints in the ee vs. µµ parameter space in Figure 3 when four NSI parameters are allowed to be free. To examine the impact of deviation from This is simply a reflection of the fact that current (one-dimensional) COHERENT data is insufficient isolate points, lines, or even surfaces from a four-dimensional parameter space.
We now expand to consider the case of four free NSI parameters, with a simulated combination of future accelerator and reactor data. With improved future data we anticipate better energy resolution, so we may consider the impact of binning the data in energy, and compare to the results obtained to this point which have considered only a single energy bin. Shape information of the CEνNS spectrum can provide information about whether the NSI is ee or µµ . This is due to the different energy spectra of the neutrino species coming from the stopped pion source. As such, ν e scattering events are more likely to produce lower energy recoils, and ν µ andν µ are more likely to produce higher energy recoils. This difference allows for statistical discrimination of the different flavors of NSI when spectral information is included in the likelihood. As an example, we compare a single bin reconstruction to a ten bin reconstruction in Figure 4 . The extra shape information from CEνNS spectrum shrinks the credible regions in parameter space. Motivated by this outcome, for the results in the remainder of this paper, we take the data to be distributed in ten energy bins.
In Figure 5 we show the constraints on effective NSI, and in Figure 6 we show the projected constraints on the individual NSI parameters. We note that relative to the two parameter case, when considering four free parameters, regions of parameter space for large and negative are opened up. In addition, d-type NSI are stronger constrained than u-type NSI. In comparison to the current COHERENT data, the space of degenerate solutions arising through combinations of u αα and d αα is greatly reduced because the additional reactor data helps in breaking down the cancellations among these terms.
All of the above results include an experimental background and its associated uncertainty, and also include uncertainties on the neutrino fluxes from the sources. When considering the future accelerator data, the background and its uncertainty play a particularly important role in widening the allowed region in the NSI parameter space. This is demon- strated in Figure 7 , where we show the improvement that could be gained in the reconstruction if the experimental background was eliminated. In comparison with the contours in Figure 6 , the allowed regions are much smaller.
Using the four parameter global fit to future reactor and accelerator experiments, we calculate the marginal 95% credible intervals on the flavor diagonal terms and present them in Table III . We find that the lower uncertainty on the neutrino flux from reactors allows a very precise measurement of the ee terms, up to the remaining ambiguities discussed in Sec. II C. The larger uncertainty of the neutrino flux from accelerators limits the precision of the µµ measurement. 
VI. CONCLUSION
The first measurement of the coherent elastic neutrino-nucleus scattering process by the COHERENT collaboration has ushered in a new era in the study of the neutrino sector, and has further demonstrated the fruitful avenue that neutrino physics continues to provide as a means of testing physics beyond the Standard Model. The CEνNS process is already a powerful probe of non-standard neutrino interactions, and will soon extend its reach with an array of new CEνNS reactor experiments slated to produce results in the near future.
In this work we have examined the complementarity provided by the COHERENT experiment's ability to study both muon-type and electron-type NSI (due to their use of a stopped pion source) in an extremely low background environment, and that of upcoming nuclear reactor based experiments utilizing low-threshold cryogenic superconductor targets.
A point of emphasis of the present work is on the ability of CEνNS measurements to begin to break various degeneracies that arise in the NSI parameterization of neutrino interac- Typically studies of the NSI parameter space have been carried out by examining the effects of (or constraints on) either a single non-zero NSI parameter or a pair of non-zero NSI parameters. In this work we have utilized the MultiNest Bayesian inference tool in order to demonstrate the ability to constrain up to four NSI parameters with the current data from COHERENT, and have also provided future projections incorporating both additional COHERENT data and reactor data generated by simulating a feasible near-term experiment.
We find that all considered parameters can be measured with high local precision (to a width as small as ∼5% in Fermi units after marginalizing over other terms) by next-generation experiments, although discrete reflection ambiguities persist. However, this precision is most readily accessible with the high-flux reactor experiments, which are sensitive only to the diagonal ee terms, whereas similar measurements of the µµ coefficients will additionally require very large exposures in future accelerator settings and greater improvements to the control of backgrounds. It is apparent that existing and planned experimental programs designed to measure the CEνNS process can act as precise probes of neutrino physics, providing unique insights into Standard Model physics and beyond. To highlight the degeneracies, here we extended beyond our baseline priors are take priors on the 's in the range [−3 : 3]. 
